We investigated the strength of commonly used spinal needles in relation to the amount of deformation, and registered forces during standardised testing. We investigated differences between manufacturers for the same length and gauge of Luer and non-Luer needles, and examined the effect of the internal stylet in terms of needle strength. A specialised rig was designed to perform the testing in both the horizontal and axial plane, reflecting common industrial tests and clinical use. Needles from four commonly used manufacturers were used (Vygon, Becton Dickinson, B Braun, and Pajunk). Needles of 25 G and 27 G were tested in 90-mm and 120-mm lengths. We found significant differences in terms of the size of final deformation and 'toughness'/resistance to deformation between needles of different brands. There were also significant differences between horizontal tests conducted as an industry standard and our own axial test. This may have bearing on clinical use in terms of the incidence of bending and breakage. The presence of the internal stylet resulted in significantly greater toughness in many needles, but had little effect on the degree of deformation. Comparison of Luer and non-Luer needles of the same brand and size showed few significant differences in strength. This result is reassuring, given the imminent change from Luer to non-Luer needles that is to occur in the UK.
Introduction
A spinal needle's strength is integral to its safe use. Fractured needles may cause distress and potential harm, which may require further surgery [1] . Needles that bend during insertion can cause difficulty and delay during spinal anaesthesia, which may also have serious consequences.
The introduction of non-Luer connectors (as directed by the National Patient Safety Agency in 2004 [2] ) has added variation to the number of needles on the market [3] . Production of non-Luer needles has been complicated with the involvement of manufacturers, regulatory bodies and the medical profession [3] . The non-Luer hub design can be bulky, and can add a new interface where weakness can occur. Practical and ethical difficulties have limited a full clinical evaluation of spinal needles incorporating the new non-Luer connectors [4] [5] [6] . Meanwhile, introduction of the new needles is patchy, with some units changing over completely and others continuing with their previous (Luer) needles. A range of non-Luer neuraxial devices with non-Luer connectors are currently available for clinical use, and it is anticipated that all neuraxial devices will change to incorporate the ISO 80369-6 non-Luer connector in the UK in 2017 [7] .
Needle strength is currently assessed by individual manufacturers using standard tests that do not necessarily reflect clinical practice. These examine compression, fatigue, flexural strength and other parameters. There are few comparative studies of spinal needle strength, and none (as far as we are aware) that compare Luer vs. non-Luer spinal needles [5, 6] .
The first introduction of stylets into spinal needle design was by Sise in 1928. The internal stylet was the cutting part of the needle, and was removed after insertion to allow flow of cerebrospinal fluid when the dura was breached [7] . Subsequently, the stylet was incorporated into needle design to prevent coring of tissue on needle insertion. The effect of the internal stylet on needle strength is unclear, and it is not known if the prevention of tissue coring is still important in modern pencil-point needles.
The force registered during the interaction of needles and tissues is affected by the needle's tip and diameter, and by tissue characteristics [8] [9] [10] .
Our aim was to investigate and compare the strength of commonly used spinal needles by examining their ability to deform or resist deformation. We also looked at the effect of gauge, length and the presence of a stylet, and compared needles with Luer and non-Luer connections.
Methods
A specialised rig was designed and manufactured by the University of Nottingham Department of Medical Engineering. The rig incorporated a force transducer (Trent Thermal Technology, Nottingham, UK), which measured the force registered during calibrated deflection of the sensor tip. Two separate strength tests were employed, the horizontal 'three-point bend test' (which is commonly used in industry) and a specially designed vertical test that assessed axial strength as a closer reflection of clinical use.
During the three-point bend test, the needles were held horizontally on two support struts 40 mm apart. The sensor was rested on the needle shaft at the midpoint of the two support struts so that no force was registered on the transducer. The sensor was pushed in 1 mm increments perpendicular to the needle shaft, up to a maximum of 10 mm of movement (Fig. 1) . The force registered at each 1 mm movement was noted. Each needle type was tested eight times in random order. The tests were repeated, with and without the presence of the internal stylet.
During the axial test, the needles were held in the vertical plane by a clamp fixed to the base of the needle. The sensor was rested at the needle tip, so that no force was registered on the transducer. The sensor was pushed in 2-mm increments up to a maximum set deviation. The force registered at each 2 mm movement was noted (Fig. 2) . Each needle type was tested eight times in random order. The tests were repeated with and without the presence of the internal stylet.
After both horizontal and axial tests, the final deformation of each needle was measured against a fixed rule (Fig. 3) .
Four popular brands were chosen for testing: Vygon (Swindon, UK); Becton Dickinson (Oxford, UK); B Braun (Sheffield, UK) and Pajunk (Newcastle-uponTyne, UK). The needle sizes tested were 25-G (90-mm and 120-mm) and 27-G (90-mm and 120-mm) needles, tested in both Luer and non-Luer, but Becton Dickinson (BD) 27-G 120-mm Luer and non-Luer needles and B Braun 25-G, 120-mm Luer needles were unavailable at Horizontal (three-point bend) tests were only performed on 25-G and 27-G 90-mm Luer needles, with and without internal stylet. Axial tests were performed on all available needles (25-G, 27-G, 90-mm, 120-mm, in Luer and non-Luer), with and without internal stylet.
The force transducer was sensitive to a range of 1-100 g. Needle tests beyond this range were abandoned to avoid damage to the transducer. The 25-G 90-mm needles could not undergo full axial testing due to forces of > 100 g developing after 1 mm deviation of the needle tip. The 90-mm needles were tested to a maximum needle tip deviation of 20 mm, and 120-mm needles were tested to a maximum needle tip deviation of 30 mm. This enabled testing to be as comprehensive as possible within the range of forces that could be safely measured by the transducer.
The needles were tested in random order in both parts of the experiment, using randomly generated numbers (www.random.org). Statistical analyses were performed using Graphpad Prism v6.04 for Windows (Graphpad Software, La Jolla California, USA). Differences between brands were evaluated using the Kruskal-Wallis test, with Dunn's multiple comparison test applied if statistical significance was attained at p < 0.05 in the initial comparison. A value for p of 0.05 was used to indicate statistical significance.
Each needle test was analysed in terms of the final deformation in mm after both axial and horizontal strength testing. The force registered at incremental deviations of each needle was recorded on a force vs. deviation chart (Fig 4) . These graphs are derivations of stress vs. strain graphs that chart the strength characteristics of a material. The area under the curve (AUC) of this chart reflects the toughness of each needle, or its ability to absorb energy, resisting fracture [11] . This was used as a second method of analysing needle strength. Using both methods of analysis, different manufacturers were compared within each needle length and gauge. Comparisons were made between Luer and non-Luer needles from the same manufacturer, and the effect of length, gauge and removing the internal stylet was analysed for each type of needle.
Comparisons were made between the four different manufacturers with regard to the horizontal (three-point bend) test and the axial test, both with stylet. Analysis was made to compare the size of the final needle deformation and the toughness of the needles, as reflected by the AUC of the force vs. needle deviation graphs.
Results
The force vs. deviation charts are shown in We found that there were significant differences between manufacturers in all horizontal and axial tests, in terms of both the size of the final deformation and the toughness of the needles. Overall, Vygon needles showed small deformations and greatest toughness, whereas Braun needles showed significantly larger needle deformations and the least toughness.
The brands did not perform exactly the same in relation to needle size and gauge. For example, Vygon 25-G 120-mm Luer and non-Luer needles showed significantly greater final needle deformation than BD and Pajunk equivalents, but there was no significant difference between Vygon, BD and Pajunk in 27-G 90-mm needles.
Although there were similarities between the results of the horizontal and axial tests, there were also notable differences. For example, both horizontal and axial tests demonstrated that Vygon 27-G 90-mm Luer needles had significantly greater toughness in comparison to BD and B Braun. B Braun 27-G 90-mm Luer needles showed significantly greater final deviation than all other brands in the axial test, but there was no significant difference between B Braun and the other brands in the horizontal tests.
There were also some differences between the results comparing the size of final needle deformation and toughness between brands. B Braun 25-G 90-mm Luer needles showed significantly greater final deformation after horizontal testing than Pajunk needles, but they also showed significantly higher toughness than Pajunk needles in the same test.
Luer and non-Luer needles were compared in axial tests, with and without the internal stylet. We found few significant differences between Luer and non-Luer needles of the same brand, gauge and length in terms of the size of final deformation and toughness. The comparison of final deformation and toughness of Luer vs. non-Luer needles in axial strength tests are shown in Fig. 7 for Pajunk needles. The comparisons for other brands of needles are not shown.
There were no significant differences between all Luer and non-Luer needles within the same brand in terms of final needle deformation in axial testing, with or without stylet, except for greater deformation seen in Pajunk 27-G 120-mm non-Luer compared with Luer (without stylet). Overall, we found more significant differences between Luer and non-Luer needles in terms of toughness, with BD, B Braun and Pajunk showing significant differences in toughness between Luer and non-Luer versions of at least one size of needle. Significant differences between some Luer and non-Luer needles with stylet were not seen when the stylet was removed, and similarly, significant differences seen in some needles without stylet were not seen with the stylet in place.
Luer and non-Luer needles of the same size were compared in terms of axial and horizontal strength, with and without internal stylet. Analysis of final deformation and toughness was performed. Few differences were seen when comparing the sizes of final deformation between needles with and without internal stylet.
In horizontal tests there were no significant differences in the size of final deformation in 25-G and 27-G 90-mm Luer needles, with and without the internal stylet. All needles showed significantly greater toughness in horizontal tests and a large proportion of axial tests when the stylet was present. 
Discussion
We used a specially designed rig to conduct independent tests of strength in 29 different spinal needles. We used tests based on industrial standards, as well as our own specially designed test examining axial strength as a closer reflection of clinical use.
We found significant differences between brands in terms of the size of the final deformation as well as 'toughness' or resistance to deformation in needles of the same length and gauge. In some axial tests on the same needle size, the final deformation of the needles in one brand was double the size of another. Although direct clinical comparison of these results is difficult, they suggest differences between needle brands in terms of the incidence and degree of needle bending during use. These findings are comparable with the findings of our affiliated study showing significantly different flow characteristics between spinal needles of the same size from different manufacturers [12] . To our knowledge there have not been standardised, independent tests of strength comparing different brands of spinal needle.
Although there are ISO standards on some of the components that form a spinal needle, including sterility and the Luer and non-Luer connectors, there is no devicespecific ISO standard for spinal needles. This leaves manufacturers to devise and conduct their own testing (personal communication with Martin Jacobsen and Andrew Farinella at BD). ISO standards are themselves voluntary, and ISO itself does not do any assessment of conformity (personal communication with Joseph Martinez at the ISO central secretariat).
We found differences between the results of axial and horizontal tests which may have clinical relevance. Multiple different factors can affect axial strength, including the design of the hub and the interface between hub and the needle shaft. We feel that these parts of the needle should form a valid part of the overall needle strength as they affect clinical use. We found that axial strength testing showed greater variability when compared with horizontal tests. This could be explained by the fact that these multiple factors are involved in overall axial strength. Ultimately, all such tests remain difficult to translate into clinical practice. Although commonly used in industry, the horizontal test least reflects how spinal needles are used clinically. Benchtop tests cannot account for other relevant user effects, such as human grip on the needle The results from our analysis of final deformation and toughness did not always concur. We feel that this may be explained by the fact that needle toughness reflects resistance to deformation, which is a separate characteristic of needle strength compared with the final size of deformation.
Comparisons between Luer and non-Luer needles showed that the current changes in hub design have not led to many significant changes in needle strength in terms of needle deformation and toughness. Vygon needles showed no significant changes in strength between Luer and non-Luer versions of the same needle size. Comparisons between needle strength (with and without internal stylet) showed few significant differences in final deformation, but significant improvements in toughness when the internal stylet is in place. This suggests that this part of the spinal needle has some contribution to overall strength. These findings are reassuring when considering the impact of the change to non-Luer needles planned for 2017 [7] .
One flaw in our study design was that we could not exclude observer error in measurements of the final deformation of needles. Two investigators were used to confirm size of final deviation, but they were not blinded to needle type. However, the needles were tested randomly, so the likelihood of brand bias was reduced. The forces measured by the transducer during strength testing were independent of observer bias, and we feel that this adds to the validity of our results.
The sensitivity of our rig and force transducer meant that axial testing was not completed in 25-G 90-mm needles, which are a popular size for clinical use. These needles were tested in horizontal tests. To test the 25-G 90-mm needles in axial tests would require a force transducer of a different range, which would have reduced sensitivity in smaller ranges and added costs.
Our study provides independent comparisons of needle strength between manufacturers, and also adds to the body of literature surrounding the change from Luer to non-Luer needles. The new ISO standard may result in further changes to needle design that could impact on strength. These new needles should be tested independently so that clinicians can be aware of changes that may affect clinical use.
